The enthalpies of solution of alcohols were determined by calorimetry in HEPES and (HEPES + trehalose) at 298.15 K. The used methodology and experiment's design allowed us to extract from a single titration experiment the enthalpy of solution (Δ sol H m ), the limiting solubility of the alcohol in each aqueous media, and an estimation of the enthalpy of solution of water in the alcohol phase. From these values the changes in Gibbs energy (Δ sol G m ) and in entropy (Δ sol S m ) of solution were derived. A decrease in solubility for 1-butanol and 1-pentanol in the crowded media (HEPES + trehalose) was observed which is driven by a significant decrease in the favorable enthalpy of solution. The partial molar heat capacity, ,2 , p C ∞ in each media was determined in our heat capacity drop calorimeter, also at 298.15 K. A significant decrease of the partial molar heat capacity was observed for both alcohols in (HEPES + trehalose), which together with the obtained decrease in favorable Δ sol H m , is consistent with a decrease in hydrophobic solvation, as a result of a decrease in free solvent availability induced by the trehalose. Finally, we tentatively predict that in the aqueous media of the crowded solutions that characterize cells and biological fluids, solutes with low aqueous solubility will be more soluble, whereas the solubility of highly polar solutes will be reduced.
Introduction
Most of the thermodynamic data in solution for simple compounds is obtained in the high dilution region, in many cases extrapolated to infinite dilution [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This choice was for many years related to their use, as well as to accepted standard states' definitions. Nevertheless, in the biological domain the situation is quite different. The cytoplasm is an aqueous solution with a very high concentration of polar solutes, small molecules, macromolecules, and supramolecular assemblies. At these high solute concentrations only about half the total water molecules behave as bulk water, whereas the remaining are somehow involved in the solvation of the solute molecules. This medium is usually referred to as a solution with "molecular crowding". Under these conditions, the structure and dynamics of solutes and supramolecular assemblies is significantly different from that found in dilute aqueous solutions. Interactions resulting from electrostatics and the hydrophobic effect are dependent on the properties of the solvent (water) and thus in these circumstances will be strongly affected by the reduced availability of free water due to molecular crowding. Due to lack of appropriate data, most available biochemical and biophysical characterizations of the solute behavior inside a cell are derived from information taken from studies performed in the dilute regime.
In recent years, some efforts have been made towards the study of the effects of crowded media on the structure and dynamics of macromolecules. It has been shown that the presence of small solutes that interact stronger with water than with the protein surface (salting out agents) increases the stability of the protein folded state due to a tendency to reduce its surface area exposed to the solvent [12] . The diffusion-dependent dynamics of species from small solutes to proteins and DNA was shown to be affected by molecular crowding [13] . The binding to proteins and the kinetics of enzyme-catalyzed reactions is also predicted to be strongly altered due both to changes in the protein and substrate structure and to anomalous diffusion [12, 14, 15] .
Under conditions of stress (heat and desiccation) cells accumulate small molecules, to reduce the water availability even further. An example of this is the up to 100-fold increase in trehalose concentration in yeasts as a response to heat shock [16] . Under those conditions, the concentration of trehalose may reach 1 g per g of protein.
Aqueous solutions with high concentrations of this disaccharide have been used as a model system for solutions with "molecular crowding".
In order to assess the effect of "molecular crowding" on small solutes' thermodynamic properties we used HEPES buffer alone or with a high trehalose concentration as our solvent media to characterize the solution behavior of n-alcohols at 298.15 K. The enthalpies of solution (Δ sol H) were determined by solution calorimetry, and for 1-butanol and 1-pentanol we could also estimate their solubility in each medium through isothermal titration calorimetry (ITC) measurements. From these the thermodynamic properties, Δ sol G and Δ sol S were calculated for each alcohol. Finally, the partial molar heat capacities of these alcohols were directly measured in each media by a high-precision heat capacity drop calorimeter.
Materials and methods

Chemicals
The alcohols used, 1-propanol (ACS reagent, 99.4 % pure, St. Louis, USA), 1-butanol (anhydrous, 99.8 %, St. Louis, USA), and 1-pentanol (puriss. pro analysi, > 99.0 % pure determined by GC, St. Louis, USA) were purchased from Sigma-Aldrich and used without further purification. Trehalose was from starch, Sigma ( ≥ 99 % pure, St. Louis, USA), and HEPES, Sigma ( ≥ 99.5 % pure). Buffer was prepared at a total concentration of 10 mmol·dm -3 and pH = 7.4, 0.02 % NaN 3 , 1 mM EDTA, and 150 mM NaCl. The aqueous solutions containing trehalose at a concentration of 1 mol·dm -3 (HEPES + trehalose) were prepared via the dissolution of the necessary amount of all solid components in the amount of water needed to perform the total required volume. The solutions were filtered through a 1-μm nylon filter and stored at 277 K.
KCl Panreac (x > 0.995, Barcelona, Spain) was purified according to the procedure recommended by Goffredi et al. [17] for this standard. NaCl Riedel deHaen (x > 99.8 %, Seelze, Germany) was dried at 773 K for 24 h, and used thereafter.
The solutions to be used in the heat capacity drop calorimeter [1-butanol and 1-pentanol, in HEPES buffer and in (HEPES + trehalose)] were prepared by weight at room temperature, 1 day before the measurements and were kept at constant stirring overnight. An analytical balance Mettler AT220 with mass resolution of (1 × 10 -5 ) g and weighting uncertainty of ± (2 × 10 -5 ) g was used.
All the uncertainties are given as twice of the standard deviation of the mean. The relative atomic masses used were those recommended by the IUPAC Commission in 2009 [18] .
Determination of enthalpies of solution and limiting solubilities
Enthalpies of solution of 1-propanol in HEPES and in (HEPES + trehalose) were determined at T = 298.15 K, using a Calvet-type calorimeter Setaram, model C80, and the cell assembly described by Tomé et al. [19] . The amounts of solute and solvent in the calorimeter were determined by weight, using an analytical balance Mettler AE 163 with mass resolution of (1 × 10 -5 ) g and weighting uncertainty of ± (2 × 10 -5 ) g. The calorimeter calibration was carried out using the enthalpy of solution of KCl in water [20, 21] . The calibration procedure was checked by determining the enthalpy for the dissolution of NaCl in water; five experimental determinations were made for solutions with concentrations ranging from (0.13 to 0.15) mol·kg -1 . The result obtained, ∆ sol H m = (4.15 ± 0.13) kJ·mol -1 is in excellent accordance with literature values [22] .
The enthalpies of solution of 1-butanol and 1-pentanol in HEPES buffer and in (HEPES + trehalose) were determined by ITC, due to the lower solubility of these alcohols in both media. The microcalorimeter unit used in this work consists of a twin heat conduction calorimeter equipped with a 1-or 3-mL titration cell (ThermoMetric AB, Järfalla, Sweden), a high-precision temperature controller, developed and constructed at the Lund University, Sweden. The calorimetric signal was measured by means of a 7½ digit nanovoltmeter, Hewlett-Packard model 34420A, and the data was recorded and visualized in real time using a modified version of the software application LABTERMO. This calorimeter unit, instrumentation, as well as the experimental methodology is already described in detail in the literature [23] . Briefly, the volume of solvent in the calorimetric vessel was either 0.9 or 2.6 mL. The calorimetric titration experiments consisted of a series of consecutive additions of the alcohol into the solvent media contained in the calorimetric vessel. The titrating solution (pure alcohol) was added to the vessel automatically, in aliquots of volumes between 1.6 and 4 μL, from a modified gas-tight Hamilton syringe (100 or 500 μL), through a thin stainless-steel capillary, until the desired range of concentrations had been covered. A gold propeller was used throughout, with stirring rates between 120 and 140 rpm. The experiments were performed either in "fast mode" (injections every 7 min) [24] or in normal, slow mode (injections every 40 min). When working in "fast mode", the curves were dynamically corrected [24] and integrated thereafter using the Origin 7 software. The heat evolved per injection was calculated using the electrically determined calibration constant [23] . All experiments were carried out at 298.15 ± 0.01 K.
Determination of partial molar heat capacity of the solute
The heat capacities at 298.15 K for HEPES buffer, (HEPES + trehalose) and solutions of 1-butanol and 1-pentanol in both media were determined using a heat capacity drop calorimeter, described in detail in the literature [25, 26] and recently rebuilt in our lab [27] . The receiving calorimeter consists of a twin heat conduction calorimeter and was operated between 303.15 K (temperature of the furnace) and 293.15 K (temperature of the receiving calorimeter). Therefore, the twin calorimeter measures the heat exchange resulting from the ampoule cooling from the initial temperature (T i = 303.15 K) to the final temperature (T f = 293.15 K), and the measured heat capacity can be assigned to the mean temperature, 298.15 K. In the present work, the apparatus was used in single-drop mode (no reference ampoule was used) with blank correction that were measured independently using empty ampoules. The calorimeter was calibrated with water and sapphire (α-Al 2 O 3 ), using the respective standard molar heat capacities at 298.15 K reported in the literature [21] , 
Results and discussion
Enthalpies of solution and limiting solubilities 1-Propanol was soluble in both media at all concentrations. The values obtained at 298.15 K for the enthalpy of solution, at infinite dilution, of 1-propanol in HEPES and in (HEPES + trehalose) using the Calvet-type calorimeter, Setaram C80, are presented in Table 1 . The enthalpy of solution obtained when using HEPES as the solvent media is in very good agreement with the one determined in water, -(10.16 ± 0.02) kJ·mol -1 [3] . This indicates that the buffer itself does not affect the enthalpy of solution of the alcohol.
Similar values for 1-butanol and 1-pentanol were obtained by ITC as described above. For both alcohols and in the two media, each titration experiment showed initially a number of exothermic peaks, followed by a "transition range" where the peaks had exothermic and endothermic components, and ended in a series of endothermic peaks. The number of exothermic peaks before the transition range depended on alcohol, solvent media, and injected volume. An example of a typical titration profile is depicted in Fig. 1 .
The first part of the titration curve reflects the enthalpy of solution of the alcohol into the aqueous media, until saturation occurs, giving rise to the "transition region", where a mixture of endothermic and exothermic components can be seen in each peak. The decrease in enthalpy per injection is expected, due to the onset of solute-solute interactions upon increase in solute concentration [2, 3] . Therefore, the enthalpy of solution at infinite dilution, Δ sol H m ∞ , for 1-butanol and 1-pentanol in HEPES and (HEPES + trehalose) were taken as the Δ sol H m values at zero alcohol concentration, using the results before saturation. The solubilities for 1-butanol and 1-pentanol in each media were taken as the values of alcohol concentration at the beginning of the saturation zone. After saturation, the endothermic heat effect observed could be ascertained to the enthalpy of solution of water into the alcohol phase.
The heat effect per peak, i.e., the enthalpy of solution (in J), together with the saturation range can be seen in Fig. 2 for the titration shown above, 1-butanol into (HEPES + trehalose). Similar plots were obtained for 1-butanol in HEPES and for 1-pentanol in both solvent systems.
The obtained values of the enthalpy of solution, at infinite dilution, Δ sol H m ∞ , as well as the solubilities for these two alcohols in both solvent media are presented in Table 1 . Similarly to what was found for 1-propanol, the results for Δ sol H m ∞ in HEPES for 1-butanol and 1-pentanol are identical to those previously determined in water [3] , -9.27 ± 0.02 and -7.99 ± 0.05 kJ·mol -1 , respectively. The results obtained here for the enthalpy of solution, at infinite dilution, Δ sol H m ∞ for the three alcohols in both solvent media are plotted together with literature data in Fig. 3 .
The solubility results derived from the ITC measurements in HEPES are in reasonable agreement with solubility data available in the literature for these alcohols in water [28] , 0.93 and 0.24 mol·dm -3 for 1-butanol and 1-pentanol, respectively. This shows that this method can be used to extract solubility values from an ITC run where at the same time the enthalpy of solution is determined, and substantiates the values determined for (HEPES + trehalose), for which there is no literature data.
Finally, the solubilities were used to obtain the change in Gibbs energy of solution, Δ sol G m ∞ , which together with Δ sol H m ∞ allowed the calculation of the change in entropy of solution, Δ sol S m ∞ , for 1-butanol and 1-pentanol in both media. The values of these thermodynamic properties can be found in Table 2 .
We can see that there is a significant decrease in solubility and in the absolute value of Δ sol H m when changing from HEPES to (HEPES + trehalose), whereas the corresponding entropic contribution to the transfer Δ(TΔ sol S m ) is about zero for 1-butanol and positive for 1-pentanol (+3 kJ·mol -1 ). Although we did not assign uncertainties to these values, for the reasons described above, the values for the entropic contribution are probably equal within uncertainty. The interpretation of the entropy of transfer is complex, as together with the solvent structuring effect one also needs to consider the difference in cavity formation in each media, whereas in terms of c p this last effect is not so problematic, and we will see below that the effect is clearer for this later thermodynamic property. Balancing the relative contributions of the Δ sol H m and TΔ sol S m to the Gibbs energy change we can conclude that it is the decrease in favorable enthalpy of solution that is mainly responsible for the observed decrease in solubility in the crowded media. It is well known that alcohols can interact with water through hydrogen bonds involving the OH group, and for higher alcohols (i.e., long alkyl chain) hydrophobic interactions also play a role [3, 29] . The observed decrease in absolute value of Δ sol H m as the alkyl chain increases for n(CH 2 ) > 3 (see Fig. 3 ) reflects the decrease in relative importance of the exothermic contribution of hydrogen bond formation to the enthalpy of solution. The observed decrease in absolute value As the solubility is estimated, we do not assign uncertainty to Δ sol G m , and consequently neither to Δ sol S m .
of Δ sol H m in the crowded media could thus reflect a decrease in water availability for hydrogen bond formation. Further, it is well established that the hydration of hydrocarbon moieties is characterized by large and negative entropy changes and large and positive heat capacity changes [29] [30] [31] . Accordingly, we did obtain a negative entropy change for the dissolution of the alcohols in HEPES, and a decrease for 1-pentanol in the negative magnitude of this property when we change the media to (HEPES + trehalose), whereas the value for 1-butanol is equal within the quoted uncertainty. This reflects the known fact that the importance of hydrophobic hydration is larger for higher alcohols.
From the average values of the heat absorbed in the positive peaks (after saturation) we could get an estimate of the value for the enthalpy of solution of water into the alcohol, provided the amount of water transferred to the organic phase was known. As the small amounts we worked with in the calorimetric cell precluded an easy separation of the two phases at the end of the experiment, we simulated outside the calorimetric cell its final conditions. Thus, we prepared an alcohol/solvent media mixture with the same proportion as found in the calorimetric cell at the end of a titration run, but in a larger total amount, where the phase separation was clearly seen. The water content in the organic phase was thereafter determined by Karl Fischer coulometry. The enthalpy values retrieved were 1.9 and 3.5 kJ·mol -1 for water into 1-butanol and 1-pentanol, respectively. Although these values represent a crude estimation, they are in reasonable agreement with the enthalpy of solution of water into 1-butanol and 1-pentanol, 1.68 ± 0.04 and 2.66 ± 0.04 kJ·mol -1 , respectively, that were determined by ITC [32] , in experiments where water was titrated into pure alcohol phase contained in the calorimetric cell at 298.15 K.
Partial molar heat capacity of the solute
The apparent molar heat capacities for the alcohol, C p,φ , were calculated taking into account the specific heat capacities obtained for the solutions, according to the equation
where p c and * p c are the specific heat capacities of the solution and pure solvent, respectively, M is the molar mass of the solute and m is the molality of the solution. The concentration range used in each case was chosen to span the concentration as much as possible while keeping it below the solubility limit in each case. The results for the heat capacity obtained for the solvents HEPES and (HEPES + trehalose) as well as for the alcohols solutions in each media are presented in Table 3 .
It can be seen that there is a very significant decrease in the heat capacity of the solvent media when changing from HEPES to (HEPES + trehalose). Since it is known that sugars have a high heat capacity both in water and in nonaqueous solvents [33] , the observed decrease in heat capacity of the solvent media cannot be attributed to the presence of trehalose, but must reflect a decrease in hydrogen bond network of the solvent water due to the high trehalose concentration. From these values, the apparent molar heat capacities of the solutes were calculated according to eq. 1. Since no concentration dependence was observed, these values represent the partial molar heat capacity of the solute, at infinite dilution,
C values for 1-butanol and 1-pentanol in each solvent media are presented in Table 4 .
The value of , for 1-butanol and 1-pentanol, respectively. This shows again that the buffer does not significantly affect the thermodynamic properties of solution of the alcohols. At odds, the values obtained for the same parameter in (HEPES + trehalose) show a significant decrease. The partial molar heat capacity of hydrophobic solutes in aqueous solution has been considered to reflect hydrophobic solvation, interpreted as resulting in an increased network of hydrogen bonds induced in the solvent by the presence of the hydrophobic solute [34, 35] . From the values above, the change in heat capacity on transfer of the alcohol from aqueous HEPES solution to (HEPES + trehalose) can be calculated. The values obtained for C is consistent with a decrease in hydrophobic hydration and a smaller contribution from hydrophobic solvation in this media. This interpretation goes in line with a significant decrease in the availability of bulk water in this media for a complete hydrophobic hydration.
Finally, these observations and their interpretation allow us to predict some trends in behavior in solutions with molecular crowding. It is to be expected that hydrogen bond forming molecules will show a lower solubility in aqueous media with "molecular crowding" (due to the reduction in water available) and nonpolar molecules an increase in the solubility (due to the decrease in hydrophobic solvation). The existing data for linear alcohols as a function of the length of the hydrocarbon chain show a minimum, thus a transition from solubility reduction to solubility increase appears. We therefore predict that in the aqueous media of the crowded solutions that characterize cells and biological fluids solutes with low aqueous solubility will be more soluble, whereas the solubility of highly polar solutes will be reduced. 
Conclusion
The methodology used allowed us to extract from a single ITC experiment all thermodynamic properties of solution (Δ sol H m , Δ sol G m , and Δ sol S m ) of the studied alcohols in both aqueous media. The present results show that there is a significant change in the values of thermodynamic properties of solution when we add a high concentration of trehalose to the HEPES aqueous solution. The main effect of the crowded media on the thermodynamic properties of solution for these alcohols is a reduction in solubility that is enthalpically driven, whereas the entropic contribution is less clearly defined.
The values of the partial molar heat capacity here directly obtained by heat capacity drop calorimetry showed a significant reduction in this property in the media with trehalose. This can be taken as a clear sign of a decrease in hydrophobic solvation that we propose to be a result of a decrease in free solvent availability.
Finally, we tentatively predict that in the aqueous media of the crowded solutions that characterize cells and biological fluids, solutes with low aqueous solubility will be more soluble, whereas the solubility of highly polar solutes will be reduced.
